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Analysis of quasielastic light scattering in LiNbO; near T¢

Y. Okamoto,* Ping-chu Wang, and J. F. Scott

Condensed Matter Laboratory, Department of Physics, University of Colorado, Boulder, Colorado 80309-0390

(Received 18 June 1985)

We have performed Raman studies of lithium niobate from 293 to 1224 K with special emphasis
upon quantitative analysis of the quasielastic scattering from 0—50 cm~!. We find that the com-
plete spectrum, including both the quasielastic “wing” and the two lowest-frequency A4 ;-symmetry
optical phonons, can be fitted to the spectral distribution function predicted for a system with a re-
laxing self-energy; when this is done all the parameters fitted vary slowly and monotonically with
temperature. The coupling parameter *(T) varies approximately as ( T¢ — 7)™ 4 in accord with the
predictions of Halperin and Varma [Phys. Rev. B 14, 4030 (1976)]. This is only the second central-
mode study to satisfy that defect-theory prediction. Both congruent and stoichiometric specimens
were examined. The congruent sample exhibits an inverse relaxation time of 540+30 GHz that is
independent of temperature; it is apparently limited by defects arising from the lack of
stoichiometry. The stoichiometric sample exhibits a temperature-dependent relaxation time of the
form =Y T)=15 '[(Tc—T)/T¢] with 75'=1740+430 GHz (i.e., 75 ' =58+ 14 cm™"); this is the ex-
pected mean-field dependence for a second-order phase transition. The data show why inelastic neu-
tron scattering studies [e.g., M. R. Chowdhury, G. E. Peckham, and D. H. Saunderson, J. Phys. C
11, 1671 (1978)] may have been unable to detect the softening of the lowest A4;-symmetry optical
phonon and thereby help resolve a long-standing controversy concerning the qualitative disagree-
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ment of Raman and neutron scattering data.

I. INTRODUCTION

The lattice dynamics relating to the ferroelectric phase
transitions in LiNbO; and LiTaO; have long been a
source of controversy. Johnston and Kaminow found!
that each transition was characterized by “a particular vi-
brational mode (which) approaches zero frequency in the
neighborhood of the transition,” and thereby equate these
compounds with other displacive ferroelectrics, comment-
ing that “such soft-mode behavior is similar to that found
in other experiments” on other materials. In total con-
tradistinction, Chowdhury et al.? found in a subsequent
inelastic neutron scattering experiment that the phase
transition in LiNbOj; is completely order-disorder, with no
soft-mode or displacive character. They relate their obser-
vations to the case of LiTaO;, where the mixed
displacive—order-disorder character of ferroelectricity and
the ferroelectric phase transition is much clearer; based
primarily upon the work of Abrahams and co-workers>
and of Lines,* it appears that the Li ions in LiTaO; un-
dergo an order-disorder transition, whereas the behavior
of the Ta ions is more nearly displacive.

The intention of the present study consists of several
parts: First, we wish to fit quantitatively the quasielastic
portion of the light scattering spectrum from zero fre-
quency to the frequency of the lowest optical phonon of
A, symmetry; such quasielastic scattering was first re-
ported qualitatively in Ref. 1. Second, we want to exam-
ine both stoichiometric and congruent specimens to see if
they exhibit different spectral responses. LiNbQO; is nor-
mally grown as large single crystals pulled from a
congruent melt; unfortunately, spectroscopists using these
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samples’ do not always understand that their specimens
are not stoichiometric and draw erroneous conclusions
concerning the order-disorder characteristics apparent in
their spectra near T¢ (samples 1% off stoichiometry have
on the order of 10?! “defects”/cm? and cannot be expect-
ed to exhibit the phenomena characteristic of intrinsic
crystals near a phase-transition point). Third, we want to
reconcile the apparently unreconcilable results of Refs. 1
and 2 as to the existence of a “soft” optical phonon at
g =0 and to the displacive or order-disorder nature of the
phase transition.

II. THEORY

The theory we employ to analyze our data is that of a
damped harmonic oscillator coupled with an interaction
strength 8% to some unspecified, phenomenological inter-
nal mode that has a Debye relaxation time 7.8 The
response function then has the form

: 2
X5 (g0, TN =0}q, T) —0*—iwy( T ——2 L )
1—ior(T)
and the Raman spectra will be proportional to kT /#iw
times Im[Xo(gq,®,T)]. Our fitting procedure is to start
with ambient-temperature data (far from T¢) for which
g and Y are easily fitted as approximating the peak posi-
tion and width of the low-frequency A4 ;-symmetry optical
phonon. As temperature increases, these and the other
parameters in Eq. (1) vary slowly, and the fitted parame-
ters at one temperature can be employed as starting values
for the least-squares routine at the next higher tempera-
ture. By 700 K the quasielastic scattering from 0—50
cm~! is sufficiently strong that reliable values of 8 and

6787 ©1985 The American Physical Society



6788

can be obtained; 8% is sufficiently weak at this tempera-
ture, however, that the correlation between fitted parame-
ters is still small. Even at the highest temperatures we
studied (~ 1200 K), the correlation between y,, 8%, and 7
was not large in the fitting procedure. Therefore, we be-
lieve that the results to be presented in the following sec-
tions involve numerically meaningful parameters.

III. EXPERIMENT

The data used here were all obtained with kyrpton-ion
laser excitation at 530.9 nm at power levels on the order
of 100 mW. The samples were placed in a wire-wound
alumina furnace with quartz windows. Sample tempera-
ture could be controlled to +1 K over the time required
for a spectrum (on the order of 20 min) at 1200 K. The
spectlral resolution employed for most data runs was 3
cm” .

Two specimens were used. Both were large rectangular
parallelelpipeds, x-ray oriented and mechanically polished.
Repolishing of the surfaces was necessary after cycling to
temperatures above 1000 K. The first specimen was
pulled from a congruent melt; it was grown in Nanjing,
China. The second specimen was grown at Bell Tele-
phone Laboratories and specified as exactly 1:1 Li-Nb
stoichiometry.

Figure 1 shows the spectrum obtained for the congruent
specimen at 297 K from 0—500 cm~! for the a,, polari-
zability tensor. The spectrum is noteworthy in two
respects: First, it does not show any “leakthrough” of E-
symmetry modes. Such modes were a problem in Ref. 1;
their presence in the zz spectra of Ref. 1 was attributed to
internal strain in the sample used. Thus, Fig. 1 shows
that our specimen was considerably more strain free than
that employed by Johnston and Kaminow. The second

- point to emphasize from this figure is that there are two
closely spaced A;-symmetry modes: These are both 4,
transverse modes, and their frequencies are ~250 and 274
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FIG. 1. Raman spectra at 296 K for zz polarizability in
congruent LiNbO;, showing the two lowest-frequency 4,(TO)
modes at approximately 239 and 274 cm~!. The solid curve is a
fit to the function n(w,T)Im[X(w,T)], using an additive X con-
sisting of Eqgs. (1) and (2).
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cm~!. The A, longitudinal branch at ~270 cm™! is for-

bidden for this geometry. It is important in this regard to
note that in the inelastic neutron scattering study of Ref.
2 only one mode (at ~260 cm~!) was observed of the
three! well-known A4; TO, LO, and TO modes at 250,
270, and 274 cm™!, respectively. It seems clear that the
authors of Ref. 2 were never able to measure most of the
A, excitations even at room temperature; they indicate a
possible reason for this in their own paper: “The neutron
measurements for the 4, modes were made in a longitu-
dinal position, and hence close to - - - the zone center one
would expect the measured (spectra) to be weighted
strongly toward the longitudinal mode.” Since the au-
thors of Ref. 2 never measured the lower 4; TO modes,
any speculation they may have about the temperature
dependences or lack thereof of these modes is therefore
unfounded. We show in the section that follows that
these modes are indeed “soft.” Before leaving Fig. 1,
however, let us note that the solid curve through the data
points (circles) is a least-squares fit to kT /#iw times the
imaginary part of the susceptibility given in Eq. (1). (At
these temperatures the Bose factor is approximately
kT /%w.) In agreement with Ref. 1, we find that the
higher-frequency mode (at 274 cm™!) of the doublet
shown is the soft ferroelectric mode. As the temperature
increases, this mode will decrease in frequency and move
through the lower mode at 239 cm™!. The spectra of the
two modes show none of the line-shape anomalies familiar
in studies of strongly coupled modes,” and so we treat
these two modes as uncoupled in the analysis which fol-
lows. That is, we add to the susceptibility fitted an extra
term

X1(g,0,T)=[w}g,T)—o*—iwy (1], )

but we ignore any direct interaction between modes 0 and
1. :
Figure 2 is a superposition of data at different tempera-
tures for this congruent sample. In each case the solid
curve is the least-squares fit to the susceptibility, and the
arrow marks the position of the “soft mode.” We remark
that in all these spectra the elastically scattered .‘laser-
line” light near @ =0 was negligible. Our samples were of
gemlike quality, and at 3 cm™~! or more from =0 such
elastic scattering was less than 5% of the inelastic scatter-
ing at all temperatures of interest. For this reason 514.5-
nm excitation with an iodine absorber was unnecessary.
The parameters obtained from fitting the data shown in
Fig, 2 are tabulated in Table I and plotted versus tempera-
ture in Fig. 3. It can be seen from Fig. 3 that, although
there is a soft mode with a peak frequency that decreases
to 100 cm~! or below before it becomes too heavily
damped to be distinguished from the quasielastic scatter-
ing, the apparent decrease in the peak frequency is almost
entirely due to the rapid increase in its linewidth yg; its
quasiharmonic frequency wo remains nearly independent
of T, decreasing only "about 10%—the same as mode
w1—an effect due simply to thermal expansion. Note that
the soft mode becomes overdamped at approximately
1100 K. v, varies as yo=(6 cm‘l)ekT/ﬁw” with o 4 =204

cm~!. This is not the form expected for anharmonic re-
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FIG. 2. Raman spectra of congruent LiNbO;, as in Fig. 1.
The five traces are, top to bottom taken at 1224, 1083, 974, 848,
and 474 K. The arrow on each trace is an aid to the eye and
marks the position of the soft-mode peak frequency. The
quasielastic scattering in these traces increases in intensity as T
is increased toward T¢, but within experimental error its width
is independent of T, with a width at half maximum of 18+2
cm~! after the phonon scattering is deconvoluted out.

normalization of a soft mode dominated by decay into
other phonons on the same soft branch [see Fig. 3(c)].
Divergent soft-mode linewidths such as these have been
studied earlier'® in PbTiO; and NdAIO;. The particular
empirical algebraic form for y(T) used in Ref. 10 does not
work as well for our data, but data are needed above 1300
K for a real test.

In Fig. 3(b) we graph the relaxation parameter 7 versus
temperature for the congruent-sample data displayed in
Fig. 2. ‘Within experimental fitting uncertainty the in-
verse relaxation time is completely independent of tem-
perature and equals 18*1 cm~!. This temperature-
independent result suggests that the high “defect” density
due to lack of stoichiometry is dominant. Also shown in
Fig. 3(b) is the value of the coupling parameter 78 at each
temperature; this parameter increases monotonically and
supralinearly as T approaches T-=1483+10 K from
below. The maximum value of 76> we measure (at 1224
K) is 1434 cm~!. As an approximation,® the scattering
intensity within the quasielastic wing compared with that
under the damped soft mode should equal 82/w} at each
temperature at which the two components can be
resolved. Testing this relationship in our data gives, for
example, at T =974 K, where wo(7)=220 cm~! and
8§=91 cm™!, the prediction that 17% of the intensity
should lie in the central mode. The experimental value is
very close: 17+3%.
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FIG. 3. (a) Temperature dependences of the fitting parame-
ters for the spectra in Fig. 2. wy and w; are the quasiharmonic
frequencies of the two lowest-energy 4,(TO) phonons in
congruent LiNbOs3; ¥ and v, their linewidths. (b) Temperature
dependences of the relaxation parameters for the spectra in Fig.
2. All error bars are one standard error. &% is the constant
which describes coupling between the soft optic phonon and a
phenomenlogical Debye relaxation, and 1/7 is the inverse of the
relaxation time of the latter. This congruent sample shows,
within experimental uncertainty, no temperature dependence of
its relaxation time, but & varies as (T¢—T)~! (solid curve). (c)
Linewidth y, for the soft mode. This semilog plot of Yo versus
temperature shows that y, is proportional to ekT/ 4 with
@4 ~200cm™L.
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TABLE 1. Lithium niobate phonon parameters (representative data fits).

Soft-mode
frequency Damping® 8*r 1/
T (K) {cm™!) %o (cm™1) {cm~1) (cm~1!)
Stoichiometric sample

297 279+12 1316 225+60 uncertain

350 278+3 15+1 262197 uncertain

656 266+18 37426 286+136 uncertain

860 226+5 16748 300432 2442

974 217+4 188+12 468140 2142
1083 228+5 224+1 632+10 19.6+0.2
1132 236+3 263+7 877451 1943
1172 2375 317+15 1124146 15.5+0.2
1224 229+11 452135 1373162 10.4+0.3

Congruent sample

297 275+8 11+4 uncertain uncertain

474 267+2 19+1 uncertain uncertain

612 249+2 58+1 251+1 7+10

787 24040 12248 uncertain uncertain

848 226+4 132+6 426+43 17+1

974 22043 169+7 458+28 18+1
1083 220+2 210+1 634+1 1942
1171 229+4 259+10 1063+51 17+1
1224 232+2 366+1 1434110 1712

kT /0
2The linewidth y, (average for congruent and stoichiometric samples) satisfies yo= Ade 4 with 4 =6
cm~! and w, =204 cm~! ~w, over the temperature range 297 K < T <1224 K.

In Fig. 4 some similar spectra are shown for the
stoichiometric specimen. The data are qualitatively simi-
lar. The main visual difference is the appearance of
“leakthrough” spectral peaks at about 80 cm™!; these are
due to E-symmetry modes that appear in the zz spectra
due to internal strain in the sample.! In addition, the
quasielastic  scattering becomes narrower in the
stoichiometric sample than in the congruent one at the
same temperature, for temperatures approaching Tc.
Figure 5 plots the T dependence of 782 and 7! for the
stoichiometric specimen; the dependence of 787 is virtual-
ly unchanged from the congruent values (these values are
tabiilated in Table I), but the values of 7!, while in the
same range as those for the congruent specimen, are not
independent of temperature. They change by a factor of 2
between 974 and 1224 K and extrapolate roughly to zero
at T¢=14831+10 K. Note in particular that 1/7 at 1224
K for the stoichiometric sample is about half that for the
congruent specimen, a difference outside the experimental
uncertainty. A correlation submatrix for these parameters
@05 Vos 82, and 7 is shown in Table II.

It would be highly desirable to extend these measure-
ments above 1300 K in order to see if this extrapolation is
- justified. At present our facilities do not permit measure-
ments above 1225 K. However, based on the data in Fig.
5(b) we can say that there is a critical slowing down of the
relaxation time 7 as T approaches T¢ from below (a line
of zero slope through the data points falls well outside the
experimental uncertainty) and that this effect is masked in
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FIG. 4. Raman spectra of stoichiometric LiNbO;. The four
traces are for zz polarizability at 1224, 1172, 974, and 583 K.
The weak feature in the 80—100 cm ™! region is scattering from
E-symmetry modes due to internal strain in the sample. In con-
trast to the data shown in Fig. 2, the quasielastic scattering in
this stoichiometric sample both increases in intensity and nar-
rows as T approaches T¢ from below.
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FIG. 5. (a) Temperature dependences of the fitting parame-
ters for the spectra in Fig. 4. (b) Temperature dependences of
the relaxation parameters for the spectra in Fig. 4. This
stoichiometric sample shows an apparent temperature depen-
dence of its relaxation time; the dashed line through the 1/7
data points is a suggested mean-field critical slowing down. The
solid curve through the 78% data is of the form A(Tc—T)"};
the dashed curve is a guide to the eye. At low temperatures the
values of 7~ !(T) are approximately the same for both congruent
and stoichiometric samples, but at high temperatures 7= (T) for
the stoichiometric specimen decreases to about half the
congruent value. This decrease is outside the experimental fit-
ting uncertainty.

the congruent specimen. A fit to the values of 7~ }(T)
shown for the stoichiometric sample yields

U D)= (Tec—=T)/T¢,

with 75 '=58+14 cm~!. This is the form, linear in re-
duced temperature, which might be expected in the
mean-field approximation in a system in which critical
slowing down of relaxation times occurs as a second-order
phase-transition temperature is approached.

The T dependence of 8% is more accurate than that of
1/7, discussed above. The data in Fig. 3(b) satisfy
8*~A(Tc—T), in agreement with the theory of Halperin
and Varma!l and in qualitative agreement with experi-
ments on!?> RbCaF;. As in Ref. 12, the T dependence of
8XT) is slightly faster than (T¢—T)~! and corresponds
to an exponent of 1.4+0.1, rather than unity. This is
shown in Fig. 6, where a log-log plot of & vs
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FIG. 6. Log-log plot of 8 T)=At~?, yielding 7 =1.4+0.1.
Circles are stoichiometric data; X’s are congruent data.

t=(T¢—T)/T¢c for both congruent and stoichiometric
samples gives an exponent ¥ =1.4 in 6*=A4r ~7. However,
the congruent sample data fit the assumed power law
better than the stoichiometric data do; there is more
scatter in the data for the latter.

IV. CONCLUSIONS

With increasing temperature LiNbO; exhibits a de-
crease in the peak frequency of its A;-symmetry optical
phonon at ¢ =0 which has energy 274 cm ! at room tem-
perature. This is in accord with the original results of
Johnston and Kaminow.! The absence of such a soft
mode in the inelastic neutron scattering data of Ref. 2 is
due to problems of intensity and resolution in that experi-
ment? and unrelated to the question of displacive versus
order-disorder dynamics. LiNbO; does not exhibit spec-
tra typical of a displacive ferroelectric phase transition,
however, in that the decrease in peak frequency of the soft

TABLE II. Representative correlation submatrices for fitting
parameters for LINbO; phonon spectra.

Congruent specimen at 848 K

o Yo 8%r T
g 1.00 0.72 0.69 —0.04
Yo 0.72 1.00 0.78 0.41
8%r 0.69 0.78 1.00 0.06
T —0.04 0.41 0.06 1.00

Stoichiometric specimen at 1172 K
@o 1.00 0.70 —0.28 —0.87
Yo 0.70 1.00 0.47 —0.70
8*r —0.28 0.47 1.00 0.05
T —0.87 —0.70 0.05 1.00
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mode arises almost entirely from ragxdly increasing damp-
ing of the form y(T)=(6 em~ e ™0 rather than from
decreases in the quasiharmonic frequency @, In this
respect LiNbO; resembles the order-disorder system!3
AgyelisW4O;¢ rather than displacive systems such as
SrTiO; or LaAlO;.'*! It may be significant that fer-
roelectric LiNbO;, BaTiO;, and PbTiO; (Ref. 10) all have
diverging linewidths for their soft modes, whereas nonfer-
roelectric LaAlO; and SrTiO; do not.

The spectral distribution function at all temperatures
quantitatively fits the prediction of that for a damped
harmonic oscillator coupled to a Debye relaxation, with a
relaxation time exhibiting critical slowing down for
stoichiometric LiNbO; but a temperature-independent re-
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laxation time for congruent specimens. The coupling con-
stant 8%(T) varies approximately as (Tc—T)~!, in agree-
ment with defect-theory predictions.!! The microscopic
mechanism of the relaxation process cannot be inferred
from these studies; however, by comparison with* LiTaOs;,
Li disorder is conjectured.
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